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Abstract
The unusual magnetic materials are significant in both science and technology.
However, because of the strongly correlated effects, it is difficult to understand their
novel properties from theoretical aspects. Holographic duality offers a new approach
to understanding such systems from gravity side. This paper will give a brief review
of our recent works on the applications of holographic duality in understanding un-
usual magnetic materials. Some quantitative compare between holographic results
and experimental data will be shown and some predictions from holographic duality
models will be discussed.
1 Introduction
The AdS/CFT correspondence or gauge/gravity duality, one of important progresses in
quantum gravity, has offered a new viewpoint to understanding the connection between
quantum gravity and conformal field theory [1, 2, 3, 4]. This correspondence relations a
weakly coupling gravity in (d+1)-dimensional anti-de Sitter (AdS) space-time to a strongly
coupling conformal field theory (CFT) in d-dimensional spacetime. As the correspondence
maps a strongly coupling many-body problem into a weakly coupling gravity system in
one more dimension, it opens a new approach to deal with the strongly correlated electron
systems which are difficult to handle in traditional condensed matter theories. Over the
past years, this correspondence has been applied into an abundant of strongly correlated
condensed systems such as superconductor/superfuild [5, 6, 7, 8, 9, 10, 11], fermi/non-fermi
liquids [12, 13, 14], charge density wave and metal/insulator phase transition [15, 16, 17]
and some systems far from thermal equilibrium [18, 19, 20, 21, 22]. In these works, the
attentions are focused on the electric transport properties in strongly correlated materials
such as conductivity. Though there are a few of works involving magnetism in holographic
∗E-mail: cairg@itp.ac.cn
1
ar
X
iv
:1
60
1.
02
93
6v
1 
 [h
ep
-th
]  
12
 Ja
n 2
01
6
superconductor models, magnetism does not pay the central role. However, some im-
portant strongly correlated phenomena including high temperature superconductors and
heavy fermion metals are controlled by magnetism of the material. Because of the strong
correlation between electrons in the materials, there is still lack of a well theoretical de-
scription. The gauge/gravity duality provides an approach and perspective to understand
these challenging problems.
As the spontaneous U(1) symmetry breaking, which plays am important role in building
holographic superconductor models, the time reversal symmetry breaking is the charac-
teristic of magnetic ordered states. An important property in magnetic materials is the
response to external magnetic field. In phenomenology, a holographic model which can
describe the phenomena involving spontaneous magnetic ordered state should give time re-
versal symmetry breaking spontaneously and characteristic response to external magnetic
field. In this paper, we will introduce our recent works about using holographic duality
to understand strong coupling phenomena controlled by magnetism. We will first give a
holographic model to realize the ferromagnetic phase transition and discuss its important
properties. Then we will show some singificant results in understanding some novel mag-
netic materials based on this model, including the coexistence and competition between
ferromagnetism and superconductivity, colossal magnetic resistance and antiferromagnetic
quantum phase transition induced by an external magnetic field.
2 Holographic ferromagnetic model
The model we are considering is Einstein-Maxwell theory in asymptotic AdS space-time.
The first holographic ferromagnetic model was proposed in Ref. [23]. However, this mode
exists external degree of freedoms which leads ghost or causality violation. Here we will
introduce a modified model proposed in Ref. [24]. The action in the bulk is,
S =
1
2κ2
∫
d4x
√−g(L1 + λ2L2),
L1 = R+ 6
L2
− F µνFµν , (1)
L2 = − 1
12
(dM)2 − m
2
4
MµνM
µν −MµνFµν − J
8
V (M).
where L is the AdS radius and 2κ2 = 16piG is associated with the gravitational constant
in the bulk. We will set them both to be unity in the following. g is the determinant of
the bulk metric gµν . Aµ is U(1) gauge potential and Fµν = (dA)µν . dM is the exterior
differential of 2-form field Mµν . m
2, λ and J are three real model parameters with J < 0
and m2 > 0 in order the magnetization to happen spontaneously. V (Mµν) is a nonlinear
potential of the 2-form field to describe the self-interaction of the polarization tensor. It
should be expanded as the even power of Mµν . The choice of nonlinear potential is not
unique. Following Ref. [24], we take the following form,
V (Mµν) = (
∗MµνMµν)2 = [∗(M ∧M)]2. (2)
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Here ∗ is the Hodge-star operator.
In the simple case, the dual boundary is isotropy and homogenous, so all the fields in
the bulk are only functions of radius r. Specially, we will use following ansatz for metric
and matter field,
ds2 = −r2f(r)ea(r)dt2 + dr
2
r2f(r)
+ r2(dx2 + dy2), (3)
Mµν = −p(r)dt ∧ dr + ρ(r)dx ∧ dy, Aµ = φ(r)dt+Bxdy, (4)
with some real functions f(r), a(r), φ(r), p(r),and ρ(r), which are determined by equations
of motions through the variation of action (1).
The bulk field B is a constant magnetic field, which can be regarded as external mag-
netic field in the dual boundary theory. We will denote the position of the horizon as rh
and the conformal boundary will be at r →∞. In order to study a dual theory with finite
chemical potential or charge density accompanied by a U(1) symmetry, we need turn on
At = φ(r) in the bulk. The magnetic moment density in the dual boundary is expressed
as,
N = −λ
2
2
∫ ∞
rh
ρea/2
r2
dr. (5)
It has been shown that[25] ρ → −ρ as B → −B under the time reversal transformation,
which leads to the property of magnetic moment defined in Eq. (5) under the time reversal
transformation such as N → −N . This is agreement with the fact that magnetic field is
pseudo-vector in 3+1 boundary dimensions or pseudo-scalar in 2+1 boundary dimensions.
In the case of B = 0, the appearance of nonzero ρ will lead to spontaneous magnetization
and time reversal symmetry breaking.
The key physics of this model can be understood by the probe limit when λ→ 0. In this
limit, we neglect the back reaction of polarization field to the gauge field and background
geometry. In such a case, the background is just the dyonic Reissner-Nordstrom AdS black
hole. In the vicinity of critical temperature and weak external magnetic field, the magnetic
part of the grand thermodynamic potential density Ω in grand canonical ensemble is[25],
Ω ' −BN + 2a0
λ2N21
(T/Tc − 1)N2 + −16J˜fa1
λ6N41
N4 +O(N6). (6)
Here a0, a1 > 0, N1 and J˜f < 0 are all constants, the details of these constants can be found
in Ref. [25]. We can see that this is just the Ginzburg-Landau (GL) theory of ferromagnetic
model. From it, we can obtain the expression of magnetic moment in the ferromagnetic
phase when B = 0,
N/λ2 =
√
N21a0
−16J˜fa1
(1− T/Tc)1/2, when T → T−c . (7)
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Figure 1: The magnetic moment N (left panel) as a function of temperature in different
magnetic field B and the magnetic susceptibility χ (right panel) as a function of tempera-
ture. Here µ is the chemical potential of dual boundary.
This tells us that the critical exponent 1/2 is an exact result. In the nonzero magnetic field
case, the expression (6) gives out correct magnetic susceptibility behavior and hysteresis
loop. When the temperature is far way from its critical value, then the expression (6) is
not appliable. The spontaneous magnetic moment density and magnetic susceptibility can
be determined numerically from the equations of motion. One typical result is shown in
Fig. 1. One can find that the model realizes the hysteresis loop of single magnetic domain
and that the magnetic susceptibility satisfies the Curie-Weiss law.
The case with full back reaction has also be studied in Ref. [25], which shows that
ferromagnetic phase transition will also happen at low temperature and the phase transition
is always a second order one when we increase the strength of the back reaction.
The holographic ferromagnetic phase transition is a consequence of the repulsion of
the 2-form field and the attraction from gravity. This can be understood from Fig. 2
schematically. As the high temperature corresponds to strong surface gravity and the
gravity dominates the system, the condensation of the 2-form field caused by vacuum
fluctuation will be attracted into the black hole and disappear. This implies that the
thermal fluctuation dominates the materials in high temperature and the ordered magnetic
moment will become disordered quickly because of thermal fluctuation. In low temperature,
the surface gravity becomes weak and the repulsion dominate the system. The condensation
of the 2-form field caused by vacuum fluctuation can be held near the horizon. This implies
that the thermal fluctuation is weak and cannot destroy the the ordered magnetic moment
so that the macroscopical magnetic moment appears.
3 Application in strongly correlated materials
Though ferromagnetic phase transition itself has been understood well in condensed matter
theory, the holographic model offers a framework to investigate the strongly correlated
phenomena controlled by magnetism. As this framework is independent of the model such
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Figure 2: The schematic diagram for the condensation of the 2-form field near the black
hole horizon. The pink circles stand for the condensation of the spatial part of 2-form field
caused by vacuum fluctuation. The blue circles stand for microcosmic magnetic moments
in materials and the arrows stand for their directions. T is temperature and TC is the
critical temperature.
as holographic superconductor or fermi/non-fermi liquid, we can combine it with them and
study spontaneous magnetic order in unconventional superconductors, strange metals or
other novel materials.
3.1 Competition and coexistence of ferromagnetism and super-
conductivity
One of interesting problems is the coexistence of ferromagnetism and superconductivity in
heavy fermi materials such as UGe2[26], URhGe[27] and UCoGe[28]. In a very long time,
it was thought these two phenomenons are incompatible with each other. In the viewpoint
of BCS theory, any magnetic impurity will suppresses the singlet Cooper pair formation,
which causes a rapid depression of the superconducting transition temperature. Likewise,
the superconductivity can screen off the magnetic field and leads to that the long-range
magnetic order is accompanied by the expulsion of superconductivity. However, the new
novel materials challenge this belief. In some heavy fermi materials, the ferromagnetism
and superconductivity are found to coexist with each other. The nature of this supercon-
ducting state in ferromagnetic materials is currently under debate. The heavy effective
mass of valence electrons shows the strong correlation between them, which implies that
approximations and conception of free field lose their validness.
In Ref. [30], the authors first study the competition and coexistence of ferromagnetism
and superconductivity from holographic duality. By combining a holographic p-wave su-
perconductor model[29] and a holographic ferromagnetism model, Ref. [30] studied the
coexistence and competition of ferromagnetism and p-wave superconductivity. It is found
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that the results depend on the self-interaction of magnetic moment of the complex vector
field and which phase appears first. In the case that the ferromagnetic phase appears first,
if the interaction is attractive, the system shows the ferromagnetism and superconductivity
can coexist in low temperatures. If the interaction is repulsive, the system will only be in
a pure ferromagnetic state. In the case that the superconducting phase appears first, the
attractive interaction will lead to a magnetic p-wave superconducting phase in low temper-
atures. If the interaction is repulsive, the system will transform into a pure ferromagnetic
phase when the temperature is lowered.
3.2 Colossal magnetic resistance in holographic duality
Another interesting application is about the phenomena called “colossal magnetoresis-
tance” (CMR) effect, which appaers in the manganites such as A1−xBxMnO3 (A= La, Pr,
Sm, etc. and B = Ca, Sr, Ba, Pb). Such phenomena is among the main areas of research
in strongly correlated electron systems [31, 32, 33, 34, 35, 36, 37]. In these materials,
there is remarkable magnetoresistivity near the Curie temperature TC and an insulator
(or semiconductor)/metal phase transition associated with a paramagnetic/ferromagnetic
phase transition happens. The CMR effect has a completely different physical origin from
the “giant” magnetoresistance observed in layered and clustered compounds. Because of
the progress in computation and mean field studies for realistic models, many important
results have been achieved. However, a completely understanding of the CMR effect is still
a challenge.
Within massive gravity, Ref. [38] constructs a gravity dual for insulator/metal phase
transition and CMR effect. The main results in Ref. [38] can be shown in Fig. 3. From
the right panel of Fig. 3, we see that the DC resistance shows an insulator behavior when
the temperature is higher than TC , while the temperature is less than the Curie temper-
ature TC , the resistivity decreases, which shows a metal’s behavior. There is a distinct
peak at the temperature where spontaneous magnetization begins to appear and an insu-
lator/metal phase transition happens there. This is just one of characteristic properties
of CMR materials in manganese oxides. What’s more, when a small magnetic field B
is turned on, we find that the resistivity is very sensitive to the external magnetic field.
In addition, holographic model shows that magnetoresistance (MR) in the case of weak
magnetic field and T → T+C obeys following relation,
MR = 1−R(B)/R(B = 0) ∝ N2. (8)
It is in agreement with the experimental and theoretical analysis of CMR materials [31].
3.3 Antiferromagnetism and quantum phase transition induced
by external magnetic field
The holographic ferromagnetic model has been generalized so that it can describe anti-
ferromagnetism phase transition in Ref. [39]. In the antiferromagnetic model, in order to
6
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Figure 3: Left panel: the DC resistivity of La1−xSrxMnO3 as a function of temperature for
different magnetic field [31]. Right panel: the DC resistivity vs temperature in different
external magnetic field.
describe the magnetic structures of antiferromagnetism, Ref. [39] introduces two different
antisymmetry polarization fields in the bulk. These polarizations couple to U(1) gauge field
strength and each other. The system shows a critical temperature TN if the values of pa-
rameters are in some suitable region. In the case of absence of external magnetic field and
low temperature, the magnetic moments of these tensor condense in antiparallel manner
with the same magnitude, which leads to an antiferromagnetic state. In the weak external
magnetic field, the magnetic susceptibility density has a peak at critical temperature and
satisfies the Curie-Weiss law in the paramagnetic phase of antiferromagnetic materials.
One unexpected discovery is that the model in Ref.[39] shows critical temperature
TN will be suppressed by external magnetic field. There is a critical magnetic field Bc
where the critical temperature will be suppressed into zero. This shows that this holo-
graphic antiferromagnetic model can describe a quantum phase transition (QPT) induced
by magnetic field. Inspired by this result, Refs. [40, 41] investigate a holographic model
for antiferromagnetic quantum phase transition induced by magnetic field. Fig. 4 shows
that results from holographic model and experimental results of QPT from pyrochlores
(Er1−xYx)2Ti2O7 [42]. We can see that, after rescaling the temperature and magnetic
field, the antiferromagnetic transition boundary of (Er1−xYx)2Ti2O7 is insensitive to the
doping, which shows a universal behavior. The holographic model can cover well the
experimental date. Besides, the holographic model forecasts two scaling relations,
∆˜ = C(B/Bc − 1),with ∆˜ = ∆/kBTN0, (9)
T˜N/ ln T˜N ∝ (1−B/Bc), (10)
where T˜N = TN/TN0, kB is Boltzmann constant and C is a constant. These scaling
relations can be analytically presented by considering the emergent geometry AdS2 in the
IR limit [41]. The first one has been measured in (Er1−xYx)2Ti2O7 (see the right panel of
Fig. 4) and experimental data give constant C ≈ 5.0, which is very closed to the holographic
result C ≈ 4.2. Because of the difficulty in experiments, it is still an open question for
experimenter to check the other scaling relationship in Eq.(10).
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Figure 4: Left panel: the antiferromagnetic critical temperature TN versus the external
magnetic field B. The solid curve is holographic results and the different dots are experi-
mental data[40, 42] for pyrochlore compounds, Er2−2xY2xTi2O7 with three different doping
x. TN is the antiferromagnetic critical temperature and TN0 is the value of TN at B = 0.
Right panel: the energy gap of the high-field ferrimagnetic state, ∆, of Er2−2xY2xTi2O7
as a function of magnetic dilution (x) and magnetic field B measured in the units of the
critical field [42].
4 Summary
Understanding magnetic properties of materials has a very long history. However, it is still
mysterious for lots of materials in extreme pressure and low temperature. Magnetism plays
a crucial role in Mott transition, heavy fermion, and quantum phase transition. In fact,
quantum magnetism is one of the manifestations of strong electron-electron interaction, so
its treatment should be part of general strongly correlated electron effects. Holographic
duality is a very suitable tool for such phenomena. This paper gave a brief review about
the applications of holographic duality in understanding unusual magnetic materials. Some
quantitative comparison between holographic results and experimental data was made and
some predictions from holographic duality models were discussed. Though some works have
been done to understand the phenomena in strongly correlated electron systems controlled
by magnetism, it is still far from a complete understanding. The most works at present
stage are to recover some properties which have been discovered in experiments. Of course,
this is important and provides a starting point to build a holographic description for real
materials.
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